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ABSTRACT 

Antimicrobial resistance associated with Salmonella spp. represents a major global public health concern. In Africa, 

this challenge is particularly critical, as Salmonella spp. are a leading cause of foodborne diseases and act as 

significant reservoirs for the dissemination of antibiotic resistance genes (ARGs). This systematic review 

synthesizes data from studies published between 2013 and 2023 regarding the continental distribution of ARGs in 

Salmonella spp. across Africa. Publications were retrieved from PubMed, Scopus, and Google Scholar using 

predefined inclusion and exclusion criteria related to publication period, geographic location, and relevance to 

antibiotic resistance genes in Salmonella spp. Data were analyzed to evaluate the distribution of resistance genes 

across sample types (human, animal, food, and environmental sources), detection methods, geographic regions, and 

temporal trends. North Africa contributed the majority of studies (27; 43.5%), followed by West Africa (19; 30.6%), 

Southern Africa (9; 14.5%), East Africa (6; 9.7%), and Central Africa (3; 4.8%). Polymerase chain reaction (PCR) 

was the predominant method for detecting resistance genes, employed in 48 studies (77.4%). In contrast, quantitative 

PCR (qPCR) and whole-genome sequencing were used in 2 (3.2%) and 12 (19.4%) studies, respectively. Based on 

the frequency of occurrence across the included publications, the most frequently reported resistance genes were 

blaTEM (11.37%), tetA (7.78%), blaCTX-M (7.58%), sul1 (5.83%), sul2 (4.90%), dfrA (4.37%), and qnrB (3.79%). 

Overall, the findings highlight a broad diversity and widespread distribution of antibiotic resistance genes in 

Salmonella spp. across Africa. The frequent association of these genes with mobile genetic elements underscores the 

potential for horizontal gene transfer and the emergence of multidrug-resistant strains. These results demonstrated an 

urgent need for strengthened surveillance systems and the implementation of integrated One Health strategies 

linking human, animal, and environmental health sectors to mitigate antimicrobial resistance in African countries. 
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INTRODUCTION  

  

Antibiotic resistance constitutes a major global public health challenge, escalating largely due to the widespread use in 

human and animal populations (McEwen and Collignon, 2018). While antibiotics are essential for treating bacterial 

infections, the acquisition of resistance mechanisms allows bacteria to survive and proliferate despite treatment, thereby 

compromising therapeutic efficacy and increasing mortality. Although antimicrobial resistance is a worldwide threat, its 

impact is particularly severe in resource-limited regions. In Africa, antimicrobial resistance is estimated to cause 27.3 

deaths per 100,000 inhabitants annually, underscoring the urgent need for improved surveillance and management 

strategies (WHO, 2016; Da et al., 2023).  

Salmonella spp. is a primary cause of foodborne infections in both humans and numerous animal species. Beyond its 

pathogenicity, this organism plays a critical role in the dissemination of antimicrobial resistance by accumulating 

antibiotic resistance genes (ARGs; Gargano et al., 2021). The increasing prevalence of Salmonella spp., a gram-negative 

bacterium in the Enterobacteriaceae family, is concerning, as it causes salmonellosis, a complex infectious disease 

ranging from mild gastroenteritis to severe systemic infections (Elhadi, 2014). In the African context, the significant 

prevalence of Salmonella spp. highlights its pivotal role in the burden of foodborne diseases (Tadesse et al., 2018).   
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The emergence of resistant strains has complicated clinical management, as resistance to conventional antimicrobial 

agents renders previously reliable therapeutic options ineffective (VT Nair et al., 2018). Furthermore, resistant 

Salmonella strains can facilitate the horizontal dissemination of resistance by exchanging genetic determinants with other 

bacterial populations via mobile genetic elements (Giuriatti et al., 2017).  

Consequently, continuous surveillance is imperative to monitor the evolution of resistance trends and to inform 

health policies aimed at controlling the spread of antibiotic-resistant Salmonella (Giuriatti et al., 2017). Recent 

phylogenetic and bioinformatics studies have further highlighted the genetic diversity and antimicrobial resistance gene 

variability of Salmonella enterica isolates in Africa (Esserghini et al., 2024; Esserghini et al., 2025). By consolidating 

recent data and identifying emerging resistance trends, this study aimed to systematically review and synthesize 

published data on the distribution of antibiotic resistance genes in Salmonella spp. across Africa between 2013 and 2023. 

 

MATERIALS AND METHODS 

 

Search and retrieval strategy  

The present study was conducted as a systematic review of published literature reporting antibiotic resistance genes 

in Salmonella spp. from African countries. A total of 62 eligible studies published between 2013 and 2023 were 

included; the publication year refers to the year of article publication and not necessarily the year of microbiological 

sample collection. A comprehensive literature search was performed in PubMed, Scopus, and Google Scholar databases 

using microbiological, resistance-related, and geographic keywords combined with Boolean operators. The following 

search string was applied (“Salmonella” OR “Salmonella spp.”) AND (“antibiotic resistance genes” OR “ARGs”) AND 

(Africa OR African countries OR Algeria OR Angola OR Benin OR Botswana OR Burkina Faso OR Burundi OR Cabo 

Verde OR Cameroon OR Central African Republic OR Chad OR Comoros OR Republic of Congo OR Democratic 

Republic of Congo OR Côte d’Ivoire OR Djibouti OR Egypt OR Equatorial Guinea OR Eritrea OR Ethiopia OR Gabon 

OR Gambia OR Ghana OR Guinea OR Guinea-Bissau OR Kenya OR Lesotho OR Liberia OR Libya OR Madagascar 

OR Malawi OR Mali OR Mauritania OR Mauritius OR Morocco OR Mozambique OR Namibia OR Niger OR Nigeria 

OR Rwanda OR São Tomé and Príncipe OR Senegal OR Seychelles OR Sierra Leone OR Somalia OR South Africa OR 

South Sudan OR Sudan OR Tanzania OR Togo OR Tunisia OR Uganda OR Zambia OR Zimbabwe). Records retrieved 

from the databases were screened based on predefined inclusion and exclusion criteria. Eligible studies reported 

Salmonella spp. isolated from human clinical samples (stool, blood, and urine), animal sources (poultry and livestock), 

food products (meat, eggs, milk, and seafood), and environmental samples (water and wastewater. As this review 

employed a descriptive synthesis approach, no statistical meta-analysis was undertaken, and data extraction was 

conducted at the study level to prevent double-counting of overlapping samples. 

 

Data extraction 

Data were systematically extracted from the full-text publications retrieved from scientific databases, using a 

standardized Microsoft Excel spreadsheet applied consistently throughout the review. Extracted variables included 

publication year, country, and African region, sample type (food, human, or environmental), methodological approaches 

for bacterial identification and antibiotic resistance gene detection, and specific resistance genes reported in each study. 

Due to heterogeneity in study design and reporting practices, data on sample size, isolate numbers, and resistance 

gene prevalence were inconsistently available and therefore excluded from synthesis. Each publication received a unique 

reference identifier ensuring traceability. 

 

Inclusion and exclusion criteria  

Inclusion criteria encompassed original research articles published in peer-reviewed English-language journals 

between 2013 and 2023, focusing exclusively on Salmonella spp. studies conducted in African countries. Exclusion 

criteria eliminated studies conducted outside Africa, publications beyond the specified timeframe, review articles, 

commentaries, editorials, conference abstracts, articles not addressing antibiotic resistance genes, studies with 

insufficient antibiotic resistance genes data, non-English publications, and investigations focusing solely on non-

Salmonella pathogens.  

  

RESULTS 

 

Study selection methodology 

The methodological diagram outlines the approach used to assess the study selection process (Figure 1). Database 

searches in PubMed, Google Scholar, and Scopus initially identified 1,890 records.  Following title and abstract 
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screening, 1,100 records were excluded, with an additional 80 duplicates removed. Subsequently, 710 full-text articles 

underwent eligibility assessment. Among these, 648 articles were excluded for specific reasons, including publication 

outside the predefined study period (n = 370), absence of antibiotic resistance genes data (n = 220), insufficient data on 

resistance genes (n = 50), and non -English language (n = 8). 

 Ultimately, 62 articles were included and categorized by African region. The distribution showed a predominance 

of studies from North Africa with 27 articles (43.54%), followed by West Africa (19 articles, 30.64%), Southern Africa 

(9 articles, 14.51%), East Africa (6 articles, 9.7%), and Central Africa (3 articles, 4.83%). 

 

Figure 1. Flow diagram of the study inclusion process 
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Bacterial characterization and antimicrobial resistance assessment strategies  

This systematic review, which included 62 published studies, demonstrated extensive application of conventional 

culture-based and biochemical methods for Salmonella spp. isolation, with several employing matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). 

Phenotypic antimicrobial susceptibility testing exhibited methodological variability; many studies utilized agar disk 

diffusion method according to the Kirby–Bauer protocol, while others proceeded directly to molecular analyses without 

phenotypic testing. Regarding genotypic approaches, 48 studies (77.41%) employed polymerase chain reaction (PCR) 

for the detection of resistance genes, two studies (3.22%) utilized quantitative PCR (qPCR), and 12 studies (19.48%) 

applied whole-genome sequencing (WGS) for comprehensive antimicrobial resistance profile characterization (Figure 2). 

Figure 3 illustrates the distribution of antibiotic resistance genes in Salmonella spp. across African countries. Among 

the 54 African countries, only a limited subset contributed to publications during the study period. Egypt produced the 

highest number (14 publications), followed by Nigeria (13) and Tunisia (8). Other countries, including South Africa, 

Burkina Faso, Algeria, Morocco, Zimbabwe, Libya, Senegal, and others, contributed one to six publications each. A 

substantial proportion of African nations reported minimal or no publications, indicating marked geographic disparities 

in scientific output. 

Figure 4 presents the annual publication distribution reporting antibiotic resistance genes in Salmonella spp. from 

2013 to 2023. An overall increasing trend characterized publication output over time. The years 2019, 2021, 2022, and 

2023 exhibited elevated publication numbers (5, 10, 14, and 15 publications, respectively). In contrast, a decrease in 

publication numbers was observed in 2020, which may be associated with disruptions in scientific research activities 

during the COVID-19 pandemic. Collectively, figures 3 and 4 highlight pronounced geographic disparities in scientific 

productivity and temporal fluctuations in publication activity during the study period. 

 

 
Figure 2. Molecular methods used for detecting antibiotic resistance genes in Salmonella spp. 

 

 
Figure 3. The included publications of resistance genes of Salmonella spp. in African countries during 2013-2023. 
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Figure 4. Annual number of publications on resistance genes of Salmonella spp. in African countries (2013-2023) 

 

Study distribution by sample type 

The distribution of articles and sample types collected in each country is detailed in Table 1. Articles concerning 

food samples constituted the majority, followed by those related to human samples, whereas articles focusing on 

environmental samples were the least numerous. In total, 50 articles involved food samples, 28 involved human samples, 

and 9 involved environmental samples. Some articles included multiple sample types, making it common to identify 

analyses of human, environmental, and food samples within the same publication. 

As a result, the total number of articles for each sample type did not necessarily correspond to the overall number of 

included studies. This discrepancy was due to the inclusion of multiple sample types within a single publication. For 

instance, although 28 studies reported analyses of human samples, several of these studies also investigated food 

samples. As illustrated in Figure 5, studies involving food samples accounted for 58% of the total, followed by studies 

on human samples (32%) and environmental samples (10%). 

 

Table 1. Country-level distribution of included studies by sample type in Africa (2013-2023).  

Country 
Number 

of articles 

Number of articles by sample type 
Reference 

Humans Environments Foods 

Egypt 14 3 1 13 

 Rushdy et al. (2013); Abdel-Maksoud et al. (2015); El-Sharkawy et al. 

(2017); Elhariri et al. (2020); Abou Elez et al. (2021); Adel et al. (2021); 

El-Aziz et al. (2021); Shalaby et al. (2022); Algammal et al. (2023); Diab 
et al. (2023); Ezzat et al. (2023); Fahmy et al. (2023); Omar et al. (2023); 

Shousha et al. (2023)    

Nigeria 13 9 1 9 

Abdullahi et al. (2014); Adesiji et al. (2014); Ajayi et al. (2019); Jibril et 

al. (2021); Ibrahim et al. (2022); Igbinosa et al. (2022); Ikhimiukor et al. 
(2022); Kamilu and Mukhtar (2022); Akinyemi et al. (2023); Fakorede et 

al. (2023); Jibril et al. (2023); Uzairue et al. (2023); Nwosu et al. (2023) 

Tunisia 8 3 3 9 
Al-Gallas et al. (2013); Hassena et al. (2021; 2022); Oueslati et al. (2021; 
2022);  Al-Gallas et al. (2022); Walid et al. (2023)  

South Africa 6 1 1 5 
Igbinosa (2015); Iwu et al. (2016); Jaja et al. (2019); Mthembu et al. 

(2019); Ramatla et al. (2019); Myataza et al. (2023) 

Burkina Faso 3 - 1 2 Somda et al. (2021); Kagambèga et al. (2022); Soubeiga et al. (2022) 

Algeria 2 1 1 3 Djeffal et al. (2017); Samia et al. (2021) 

Morocco 2 1 1 2 Murgia et al. (2015); Ed-Dra et al. (2018) 

Zimbabwe 2 2 - 1 Thilliez et al. (2022); Mashe et al. (2023) 

Libya 1 1 - - Seiffert et al. (2014) 

Senegal 1 1 - - Harrois et al. (2014) 

Durban 1 1 - 1 Zishiri et al. (2016) 

Ethiopia 1 1 - 1 Eguale et al. (2017) 

Angola 1 1 - - Francisco et al. (2018) 

Bangui 1 1 - - Breurec et al. (2019) 

Kenya and 

Malawi 
1 - - 1 Wilson et al. (2020) 

Gabon 1 1 - - Mabika Mabika et al. (2021) 

Uganda 1  - 1 Onohuean and Igere (2022) 

Gambia 1 1 - - Darboe et al. (2022) 

Tanzania 1 - - 1 Munuo et al. (2022) 

Ghana 1 - - 1 Archer et al. (2023) 

Total 62 28 9 50  
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Figure 5. Proportional distribution of included studies by sample type in Africa (2013-2023). 

 

Distribution of studies and antibiotic resistance genes of Salmonella spp. across different African countries 

Figure 6 illustrates the study distribution and reported antibiotic resistance genes identified in Salmonella spp. across 

different African subregions over the period 2013-2023. Northern Africa exhibited the highest study concentration, 

particularly Egypt (27 studies), reflecting substantial regional research investment. This subregion also showed a 

relatively high number of reported antibiotic resistance genes (111). Western Africa yielded 19 studies reporting 127 

cumulative resistance genes. Despite fewer studies (3), Central Africa reported 18 resistance genes. Eastern Africa 

comprised six studies reporting 39 resistance genes, while Southern Africa contributed nine studies with a total of 45 

reported resistance genes. Overall, the distribution highlighted marked regional variation in both the study distribution 

and the cumulative number of antibiotic resistance genes reported in Salmonella spp. across Africa. 

 

 
Figure 6. The distribution of studies and antibiotic resistance genes of Salmonella spp. found in publications across different 

subregions of the African continent 
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Distribution of studies reporting antibiotic resistance genes in Salmonella spp. 

The distribution of publications reporting antibiotic resistance genes in Salmonella spp. over a ten-year study period 

(2013-2023) revealed a clear temporal pattern, with 2022 exhibiting the highest diversity of reported resistance genes, 

accounting for 23.28% of the total observed. In 2022, a marked increase was observed, with 81 antibiotic resistance 

genes reported across various studies, representing a substantial increase compared with previous years. The years 2014, 

2015, and 2019 also demonstrated relatively high levels of reported resistance genes, with 24, 21, and 50 genes, 

respectively, while 2018 and 2020 exhibited relatively low proportions (2 and 13 genes). These findings underscored the 

temporal evolution of antibiotic resistance in Salmonella spp., as documented in scientific publications, and emphasized 

the importance of continuous surveillance activities to further characterize and monitor this phenomenon. Figure 7 

illustrates the annual counts of reported antibiotic resistance genes based on published studies and does not represent a 

modeled prevalence of resistance genes over time.  

 

 
Figure 7. Temporal evolution of antibiotic resistance genes reported in studies on Salmonella spp. in African countries (2013-2023) 

 

Antibiotic resistance profile of identified genes 

Table 2 presents a comprehensive profile of antibiotic resistance genes identified in Salmonella spp. isolates across 

included studies. For beta-lactams, several resistance genes were reported, including VEB-8, blaZ, blaCMY, blaSHV, 

blaTEM, blaCTX, blaOXA, and Blapse-1. For cephalosporins, the genes CMY-4, Cm1A, Cm1B, and ramA were 

identified. Multiple resistance genes for aminoglycosides, such as aphA, aph(3’’)-1b, aph(6)-1d, aad(A), qeqA, ant(3’’)-

IA, aac(3)-Ia, and aac(6’)-Ib-cR, were also reported. Other antibiotic classes, such as tetracyclines, macrolides, 

fosfomycins, chloramphenicol, quinolones, sulfonamides, and trimethoprim, were associated with specific resistance 

genes. For quinolones, resistance was primarily linked to point mutations in genes such as gyrA, gyrB, parC, and parE, 

which were associated with resistance, rather than the genes themselves. The reported isolates originated from different 

African countries, as summarized in Table 1.  

 

Table 2. The spectrum of antimicrobial resistance genes of Salmonella spp. has been reported in studies conducted 

across African countries 

Antimicrobial class Resistance genes or mutations 

Beta-lactams VEB-8, blaZ, blaCMY, blaSHV, blaTEM, blaCTX, blaOXA, Blapse-1 

Cephalosporins CMY-4, Cm1A, Cm1B, ramA 

Aminoglycosides aphA, aph(3’’)-1b, aph(6)-1d, aad(A), qeqA, ant(3’’)-IA, aac(3)-Ia, aac(6’)-Ib-cR 

Tetracyclines tetA, tetB, tetD, tetK, tetJ, tet(X4), tetM 

Macrolides mphA, ereA, eremC, tmrB 

Fosfomycins FosA, FosA7-1, FosB 

Chloramphenicol floR, cat, Ph (3)11a 

Quinolones 
Mutations: gyrA, gyrB, parC, parE 

Genes: qnrA, qnrB, qnrS, oqxB, mdfA 

Sulfonamides Sul1, Sul2, Sul3 

Trimethoprim dfrA 

Streptogramins strA, strB 

Rifampicin rpoB 
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Distribution of antibiotic resistance gene occurrences in Salmonella spp. in Africa based on publications 

(2013-2023) 

The analysis of Table 3 indicated that several resistance genes, notably blaTEM (40 occurrences, or 11.37%), tetA 

(27 occurrences, or 7.78%), blaCTX-M (25 occurrences, or 7.58%), sul1 (20 occurrences, or 5.83%), sul2 (17 

occurrences, or 4.90%), dfrA (15 occurrences, or 4.37%), and qnrB (13 occurrences, or 3.79%), were frequently reported 

in African publications on Salmonella spp. from 2013 to 2023. These genes, associated with resistance to beta-lactams, 

tetracyclines, sulfonamides, and dihydrofolate reductase inhibitors, highlighted important resistance mechanisms in the 

region, with implications for infection management. A temporal increase was observed between 2020 and 2023, 

particularly for tetA and sul1, which may have reflected increased antibiotic usage or improved surveillance. 

Additionally, genes such as gyrA, parC, parE, and gyrB, while not direct resistance genes, were included due to point 

mutations conferring quinolone resistance rather than representing direct resistance genes. Overall, the literature-derived 

resistance gene distribution highlights critical priorities for antibiotic surveillance and resistance management throughout 

Africa.  

 

Table 3. Annual distribution of antimicrobial resistance genes detected in Salmonella spp. isolates reported in 

publications from African countries (2013-2023). 
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blaTEM ˅  - - 4 - 3 1 5 2 4 14 7 40 

tetA ˅  - 2 1 2 1 - 4 - 5 6 6 27 

blaCTX ˅  - 1 - - 3 - 1 - 8 5 7 25 

Sul1 ˅  - 2 2 1 1 1 3 - 2 5 3 20 

Sul2 ˅  - 1 2 1 - - 3 2 1 7 - 17 

dfrA ˅  - - - - - - 2 - 1 9 3 15 

qnrB ˅  1 1 - - - - 1 - 4 1 5 13 

aph(3’’)-1b ˅  - - - - - - - 1 - 8 3 12 

aad(A) ˅  - - 1 - - - 3 - 2 3 3 12 

Cat ˅  - - 1 - 1 - 5 1 - 3 1 12 

blaSHV ˅  - 2 1 - - - - 1 1 4 2 11 

aac(3)-Ia ˅  - 1 1 - - - 2 - 2 1 4 11 

tetB ˅  - 1 - 1 - - 1 - 2 4 1 10 

blaOXA ˅  - 1  - 1 - 2 1 1 1 3 10 

qnrS ˅  1 - - - - - 1 - 4 1 2 9 

gyrA  ˅ 1 - 1 - - - - 1 3 1 1 8 

qnrA ˅  1 1 - - - - 1 - 1 - 4 8 

strA ˅  - - 1 1 - - 2 - - 2 - 6 

aac(6’)-Ib-cR ˅  1 2 - - - - 1 - - 2 - 6 

blaCMY ˅  - - - - - - 1 1 1 - 2 5 

Sul3 ˅  - 1 - - 1 - -  1 - 1 4 

aph(6)-1d ˅  - - - - - - - 1 - - 3 4 

ampC ˅  - - 1 1 - - 1 1 - - - 4 

floR ˅  - - 1 - 1 - - - - 1 1 4 

tetC ˅  - 1 - - 1 - 2 - - - - 4 

mphA ˅  - 1 - - - - - - - 2 - 3 

Blapse-1 ˅  - - 2 1 - - - - - - - 3 

tetG ˅  - 1  - - - - - - - 1 2 

FosB ˅  - - - - - - - - - - 2 2 

tetM ˅  - - - - - - 1 - 1 - - 2 

aphA ˅  - - - - - - 2 - - - - 2 

Cm1A ˅  - 1 - - - - 1 - - - - 2 

gyrB  ˅ - - 1 - - - - - 1 - - 2 

qeqA ˅  1 - - - - - - - 1 - - 2 

parC  ˅ 1 - 1 - - - - - - - - 2 

rpoB ˅  - - - - - - - - - - 1 1 

eremC ˅  - - - - - - - - - - 1 1 

ereA ˅  - - - - - - - - - - 1 1 
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mdfA ˅  - - - - - - - - - - 1 1 

FosA ˅  - - - - - - - - - - 1 1 

FosA7-1 ˅  - - - - - - - - - 1 - 1 

oqxb ˅  - - - - - - - - 1 - - 1 

ramA ˅  - - - - - - - - 1 - - 1 

tet(X4) ˅  - - - - - - - - 1 - - 1 

parE ˅ ˅ - - - - - - - - 1 - - 1 

tetJ ˅  - - - - - - - 1 - - - 1 

tmrB ˅  - - - - - - 1 - - - - 1 

tetK ˅  - - - - - - 1 - - - - 1 

tetD ˅  - - - - - - 1 - - - - 1 

blaZ ˅  - - - - - - 1 - - - - 1 

strB ˅  - - - - - - 1 - - - - 1 

Ant (3’’)-IA ˅  - - - 1 - - - - - - - 1 

Ph (3)11a ˅  - 1 - - - - - - - - - 1 

Cm1B ˅  - 1 - - - - - - - - - 1 

CMY-4 ˅  - 1 - - - - - - - - - 1 

VEB-8 ˅  - 1 - - - - - - - - - 1 

Total: 56 52 4 7 24 21 9 13 2 50 13 50 81 70 340 

 
DISCUSSION 

   

Salmonella spp. cause an estimated 93 million gastroenteritis cases and 155,000 deaths annually worldwide (WHO, 

2016). Antimicrobial therapy the cornerstone of salmonellosis management; however, the increasing emergence of 

antimicrobial resistance has become a major public health concern, driven largely by the extensive antibiotics use in 

human medicine and animal production (Eshrati et al., 2025). Current projections suggest that antibiotic-resistant 

pathogens could cause 10 million deaths annually by 2050 if present trends persist. Consequently, the World Health 

Organization has emphasized the urgent necessityg for transitioning toward enhanced antimicrobial stewardship and 

robust global surveillance frameworks (Castro-Vargas et al., 2020). 

This systematic review covered the period from 2013 to 2023 and included 62 eligible publications from African 

countries, adopting a structured and descriptive approach to synthesize findings regarding Salmonella spp.  identification 

and characterization and associated antibiotic resistance genes. 

Polymerase chain reaction has been widely used as a molecular technique for identifying antibiotic resistance genes 

(van Hoek et al., 2005). This detection method offers several advantages, including simplicity, rapidity, and high 

reproducibility. By employing specific primers targeting known DNA sequences, PCR enables reliable and accurate 

identification of antibiotic resistance genes in Salmonella spp. isolates (Abdel-Maksoud et al., 2015). The current study's 

findings highlight the extensive use of PCR in Salmonella spp. antimicrobial resistance research, with approximately 

77.41% (48/62) of examined studies employing this molecular approach, demonstrating its efficacy and methodological 

suitability of PCR for routine identification of antibiotic resistance genes in Salmonella spp. Conversely, qPCR also 

presents significant advantages for antibiotic resistance gene detection, enabling precise, rapid target gene identification 

with quantification capabilities for both relative and absolute microorganism levels. However, q-PCR requires more 

sophisticated equipment and incurs higher reagent costs compared with standard PCR. Despite these advantages, qPCR 

remains underutilized in Salmonella spp. resistance studies (Galhano et al., 2021). Descriptive analysis of the included 

studies showed that only 3.22% (2/62) employed qPCR for resistance gene detection, indicating that this technique 

remains underutilized and may warrant broader application in future investigations of antimicrobial resistance.  

In contrast, 19.4% (12/62), of studies utilized whole genome sequencing for more comprehensive analysis. These 

findings align with previous studies, which showed that the majority of studies (15 out of 18) detected antibiotic 

resistance genes using PCR, while five studies employed WGS. However, the preference for standard PCR underscores 

its effectiveness in the specific and rapid detection of resistance genes, which is essential for understanding and 

monitoring the evolution of antibiotic resistance in Salmonella spp (Abdel-Maksoud et al., 2015). Thus, standard PCR 

remains a valuable tool for combating the spread of antibiotic resistance and for guiding strategies to prevent and treat 

antibiotic-resistant Salmonella infections (Galhano et al., 2021). 

The observed results regarding antibiotic resistance genes in Salmonella spp. in African countries highlight the 

distribution of articles by sample type and country of origin. The majority of studies focused on food-related samples, 

accounting for 58% of the total samples analyzed. Human samples constituted the second most frequent sample type at 

32%, while environmental samples were the least collected at 10%. These findings are consistent with a study conducted 

by (El Hanafi et al., 2023) which also reported that the percentage of samples from food products was 61.9%, human 

samples were 28.6%, and environmental samples were 14.3%. This sample types distribution underscores the importance 
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of elucidating Salmonella transmission pathways and the prevalence of antibiotic resistance genes across different 

epidemiological contexts, particularly in food- and human-associated settings.    

West African countries confront serious emerging antibiotic resistance challenges comparable to those in other 

global regions. This phenomenon is exacerbated by various factors related to underdevelopment, such as unfavorable 

socio-economic conditions, lack of qualified human resources, and insufficient infrastructure for diagnosing and 

evaluating antibiotic resistance. Additionally, across several West African countries, absence of national and regional 

antimicrobial resistance surveillance networks, coupled with inappropriate use and unsecured circulation of antibiotics, 

contributes to the spread of resistance. Furthermore, the variable quality and availability of antibiotics, together with the 

widespread antimicrobial agent use in livestock production systems, promote the emergence and dissemination of 

antibiotic resistance genes (Ouedraogo et al., 2017).   

These factors partially explain the significant increase in detected antibiotic resistance genes in the present 

systematic review in West Africa, where 127 resistance genes were reported, compared to other African subregions. 

Specifically, North Africa reported 111 genes, Central Africa 18 genes, East Africa 39 genes, and Southern Africa 45 

genes. Furthermore, the synthesis of published studies on Salmonella spp. resistance in Africa indicates that, among 54 

African countries, only 21 have been represented by eligible studies, including Egypt (14 studies), Nigeria (13 studies), 

Tunisia (8 studies), South Africa (6 studies), Burkina Faso (3 studies), while the remaining countries were represented by 

limited publications. 

Notably, no eligible publications were identified for 33 of the 54 African countries included in this review, 

indicating substantial geographic gaps in published data on antibiotic resistance genes in Salmonella spp. across these 

regions. Regarding the number of publications per year, there is an overall increasing trend over the years. The years 

2019, 2021, 2022, and 2023 exhibited elevated publication output (5, 10, 14, and 15 articles, respectively). Conversely, 

2020 publication numbers declined, likely attributable to the impact of the COVID-19 pandemic on scientific research 

and article publication in this field (Raynaud et al., 2021). 

Antibiotic resistance genes distribution reported in Salmonella spp. across African studies published between 2013 

and 2023, indicated specific resistance determinant predominance. Extended-spectrum β-lactamase genes, particularly 

blaTEM, were frequently reported, suggesting sustained selective pressure from β-lactam use in both clinical and 

agricultural contexts. Resistance genes associated with tetracyclines (tet) and sulfonamides (sul1 and sul2) were also 

commonly identified, reflecting the extensive and long-term use of these antimicrobial classes in food-producing 

animals. Although plasmid-mediated quinolone resistance genes (qnrB) exhibited lower reporting frequencies, their 

detection remains epidemiologically relevant due to their role in horizontal gene transfer and multidrug resistance 

dissemination. Comparable resistance patterns have been described in large-scale genomic studies, including a global 

analysis of Salmonella spanning the period 1900-2023, which identified antimicrobial usage, host reservoirs, and 

environmental factors as key drivers of resistance evolution (Wang et al., 2025). Similarly, national genomic surveillance 

in China demonstrated that temporal trends in antimicrobial resistance were shaped by socio-environmental and 

epidemiological factors (Wang et al., 2023). These findings suggest that analogous drivers may contribute to observed 

African resistance patterns, highlighting the importance of integrated, region-specific surveillance strategies. 

β-lactamases are bacterial enzymes, particularly Gram-negative bacteria, that confer resistance to β-lactam 

antibiotics. Among Salmonella spp. studies, the presence of the blaTEM gene is well documented (Maka and Popowska, 

2016), notably in Vietnam, where it was predominant among ampicillin-resistant retail beef strains (Thai et al., 2012), as 

well as in Canada, where it was detected in retail meat isolates (Aslam et al., 2012). These findings illuminate β-

lactamase gene diversity in Salmonella spp. and their role in antimicrobial resistance roles. 

The blaCTX gene is a critical β-lactamase gene associated with antibiotic resistance in Gram-negative bacteria, 

including Salmonella spp. Studies have identified blaCTX in Salmonella isolates, highlighting its role in resistance to 

critical antibiotics. For example, blaCTX-M-1 detection in German ceftiofur-resistant Salmonella isolates emphasizes the 

significance of β-lactam resistance (Rodríguez et al., 2009). Understanding the specific prevalence of the blaCTX gene in 

Salmonella spp. is essential for effective antimicrobial management (Rodríguez et al., 2009). 

The tetA gene, associated with tetracycline resistance in Salmonella spp., is frequently detected in antibiotic 

resistance studies (Gargano et al., 2021). It belongs to a gene class mediating tetracycline resistance, often residing in 

mobile genetic elements such as plasmids or transposons (Aldema et al., 1996). Studies have identified tetA in 

Salmonella strains isolated from animals and food samples, highlighting its role in the dissemination of resistance 

(Gargano et al., 2021). For instance, tetA was detected in 14 out of 25 (56%) tetracycline-resistant strains and was 

prevalent among animals in close contact with humans (Aldema et al., 1996). 

The genes sul1 and sul2 mediate sulfonamide resistance in Salmonella spp. (Sköld, 2000). Typically, plasmids 

located; these genes encode dihydropteroate synthase (DHPS) variants unaffected by sulfonamides. Studies have shown 

that these genes are widely spread among sulfonamide-resistant Salmonella spp. Isolates (Sköld, 2000). For example, a 
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study conducted in Vietnam on Salmonella spp. isolates from beef samples found sulfonamide resistance in 39.7% of 

isolates (25/63), among which 80.0% (20/25) were positive for the sul1 gene (Thai et al., 2012). Similarly, a Canadian 

study of retail meat (chicken, turkey, and pork) Salmonella isolates showed  71%  sulfonamide resistance , with sul1  

detected in 5 isolates and the sul2 gene in 3 isolates (Aslam et al., 2012). 

The dfrA gene is associated with trimethoprim resistance in Salmonella spp (Chen et al., 2004). This gene encodes 

dihydrofolate reductase (DHFR) variants with reduced trimethoprim affinity, enabling bacteria in its presence. Studies 

have shown that trimethoprim-resistant isolates of Salmonella spp. often carry dfrA genes, which are a key mechanism of 

resistance to this antibiotic (Chen et al., 2004). 

The gene qnrB, a plasmid-mediated quinolone resistance determinant (PMQR) found in Salmonella spp., confers 

resistance by protecting the target site against antimicrobial agents binding (Karczmarczyk et al., 2010). Studies have 

identified various qnrB gene variants in Salmonella isolates from diverse sources (Karczmarczyk et al., 2010).  

 

CONCLUSION  

 

This systematic review provides a descriptive synthesis of published studies on the distribution of antibiotic resistance 

genes in Salmonella spp. across Africa at the continental level from 2013 to 2023, revealed a broad diversity and 

widespread dissemination of genes conferring resistance to specific types of antibiotics, including blaTEM, tetA, 

blaCTX, sul1, sul2, dfrA, and qnrB. Salmonella spp. were frequently reported as important carriers of these resistance 

genes, contributing to the emergence of multidrug-resistant strains. Salmonella spp. genetic adaptability facilitates the 

dissemination of resistance genes, which are frequently associated with mobile genetic elements, including plasmids. 

Addressing this public health challenge requires an integrated One Health framework that links the human, animal, and 

environmental health sectors. Such approaches, combined with robust epidemiological investigations, can elucidate 

critical pathways of antibiotic resistance gene transmission. Implementing comprehensive One Health strategies is 

imperative for developing effective policies to combat antimicrobial resistance and safeguard public health. 

 

DECLARATIONS 

 

Acknowledgments 

The authors would like to express their sincere gratitude to the reviewers for their constructive criticisms, which 

have contributed to enhancing the quality of the present manuscript. 

 

Authors’ contributions  
Hajar Esserghini and Dhaud Odei Ansong participated in data collection and verification. Hajar Esserghini 

conducted the literature search and prepared the original draft of the manuscript in consultation with Adnane Benmoussa 

and Nadia Ziyate. Najib Al Idrissi and Hassan Ghazal contributed to data interpretation and participated in manuscript 

revision. Salsabil Hamdi and Fadil Bakkali contributed to the design and implementation of the study, the analysis of the 

results, and the critical revision of the manuscript. All authors checked and approved the final edition of the manuscript 

for publication in this journal.  

 

Funding 

The current study received no funding or financial support.  

 

Competing interests  
The authors declared no conflict of interest.  

 

Ethical considerations  

The authors declare that this manuscript is original and is not being considered elsewhere for publication. Ethical 

issues, including consent to publish, misconduct, data fabrication, and redundancy, have been checked by all authors. 

The authors did not use any AI tools for writing and preparing this article. 

 

Availability of data and materials  

All data generated or analyzed during this study are included in this article. 

 

REFERENCES 

 
Abdel-Maksoud M, Abdel-Khalek R, El-Gendy A, House BL, Gamal RF, and Abdelhady HM (2015). Genetic characterisation of multidrug-resistant 

Salmonella enterica serotypes isolated from poultry in Cairo, Egypt. African Journal of Laboratory Medicine, 4(1): 158. DOI: 
https://www.doi.org/10.4102/ajlm.v4i1.158 

https://www.doi.org/10.4102/ajlm.v4i1.158


Esserghini et al., 2026 

 

298 

Abdullahi M, Olonitola S, Umoh V, and Inabo I (2014). Antibacterial resistance profile and PCR detection of antibiotic resistance genes in Salmonella 

serovars isolated from blood samples of hospitalized subjects in Kano, North-West, Nigeria. British Microbiology Research Journal, 5(3): 245-

256. DOI: https://www.doi.org/10.9734/BMRJ/2015/9711 

Abou Elez RM, Elsohaby I, El-Gazzar N, Tolba HM, Abdelfatah EN, Abdellatif SS, Mesalam AA, and Tahoun AB (2021). Antimicrobial resistance of 

Salmonella enteritidis and Salmonella typhimurium isolated from laying hens, table eggs, and humans with respect to antimicrobial activity of 
biosynthesized silver nanoparticles. Animals, 11(12): 3554. DOI: https://www.doi.org/10.3390/ani11123554 

Adel WA, Ahmed AM, Hegazy Y, Torky HA, and Shimamoto T (2021). High prevalence of ESBL and plasmid-mediated quinolone resistance genes 

in Salmonella enterica isolated from retail meats and slaughterhouses in Egypt. Antibiotics, 10(7): 881. DOI: 

https://www.doi.org/10.3390/antibiotics10070881 

Adesiji YO, Deekshit VK, and Karunasagar I (2014). Antimicrobial‐resistant genes associated with Salmonella spp. Isolated from human, poultry, and 
seafood sources. Food Science & Nutrition, 2(4): 436-442. DOI: https://www.doi.org/10.1002/fsn3.119 

Ajayi A, Smith SI, Kalpy JC, Bode-Sojobi IO, René YK, and Adeleye AI (2019). Molecular diversity and antibiotic resistance gene profile of 

Salmonella enterica serovars isolated from humans and food animals in Lagos, Nigeria. Acta Microbiologica et Immunologica Hungarica, 66(4): 

509-527. DOI: https://www.doi.org/10.1556/030.66.2019.034 

Akinyemi KO, Fakorede CO, Linde J, Methner U, Wareth G, Tomaso H, and Neubauer H (2023). Whole genome sequencing of Salmonella enterica 
serovars isolated from humans, animals, and the environment in Lagos, Nigeria. BMC Microbiology, 23(1): 164. DOI: 

https://www.doi.org/10.1186/s12866-023-02901-1 

Al-Gallas N, Abbassi MS, Gharbi B, Manai M, Ben Fayala MN, Bichihi R, Al-Gallas A, and Ben Aissa R (2013). Occurrence of plasmid-mediated 

quinolone resistance determinants and rmtb gene in Salmonella enterica serovar enteritidis and typhimurium isolated from food-animal products 
in Tunisia. Foodborne Pathogens and Disease, 10(9): 813-819. DOI: https://www.doi.org/10.1089/fpd.2012.1466 

Al‐Gallas N, Belghouthi K, Barratt NA, Ghedira K, Hotzel H, Tomaso H, El‐Adawy H, Neubauer H, Laouini D, and Zarrouk S (2022). Identification 

and characterization of multidrug‐resistant ESBL-producing Salmonella enterica serovars Kentucky and typhimurium isolated in Tunisia ctx‐m‐

61/tem‐34, a novel cefotaxime‐hydrolysing β‐lactamase of Salmonella. Journal of Applied Microbiology, 132(1): 279-289. DOI: 
https://www.doi.org/10.1111/jam.15211 

Aldema ML, McMurry LM, Walmsley AR, and Levy SB (1996). Purification of the tn 10‐specified tetracycline efflux antiporter tetA in a native state 

as a polyhistidine fusion protein. Molecular Microbiology, 19(1): 187-195. DOI: https://www.doi.org/10.1046/j.1365-2958.1996.359886.x 

Algammal AM, El-Tarabili RM, Abd El-Ghany WA, Almanzalawi EA, Alqahtani TM, Ghabban H, Al-otaibi AS, Alatfeehy N, Abosleima N, Hetta 
HF et al. (2023). Resistance profiles, virulence and antimicrobial resistance genes of XDR S. Enteritidis and S.Typhimurium. AMB Express, 13: 

110. DOI: https://www.doi.org/10.1186/s13568-023-01615-x 

Archer E, Chisnall T, Tano-Debrah K, Card R, Duodu S, and Parry-Hanson Kunadu A (2023). Prevalence and genomic characterization of Salmonella 

isolates from commercial chicken eggs retailed in traditional markets in Ghana. Frontiers in Microbiology, 14: 1283835. DOI: 

https://www.doi.org/10.3389/fmicb.2023.1283835 

Aslam M, Checkley S, Avery B, Chalmers G, Bohaychuk V, Gensler G, Reid-Smith R, and Boerlin P (2012). Phenotypic and genetic characterization 

of antimicrobial resistance in Salmonella serovars isolated from retail meats in Alberta, Canada. Food Microbiology, 32(1): 110-117. DOI: 

https://www.doi.org/10.1016/j.fm.2012.04.017 

Breurec S, Reynaud Y, Frank T, Farra A, Costilhes G, Weill F-X, and Le Hello S (2019). Serotype distribution and antimicrobial resistance of human 
Salmonella enterica in Bangui, Central African Republic, from 2004 to 2013. PLoS Neglected Tropical Diseases, 13(12): e0007917. DOI: 

https://www.doi.org/10.1371/journal.pntd.0007917 

Castro-Vargas RE, Herrera-Sánchez MP, Rodríguez-Hernández R, and Rondón-Barragán IS (2020). Antibiotic resistance in Salmonella spp. Isolated 

from poultry: A global overview. Veterinary World, 13(10): 2070. DOI: https://www.doi.org/10.14202/vetworld.2020.2070-2084 

Chen S, Zhao S, White DG, Schroeder CM, Lu R, Yang H, McDermott PF, Ayers S, and Meng J (2004). Characterization of multiple-antimicrobial-
resistant Salmonella serovars isolated from retail meats. Applied and Environmental Microbiology, 70(1): 1-7. DOI: 

https://www.doi.org/10.1128/AEM.70.1.1-7.2004 

Da L, Somé D, Yehouenou C, Somé C, Zoungrana J, Ouédraogo AS, Lienhardt C, and Poda A (2023). State of the art of antibiotic resistance in sub-

Saharan Africa. Diseases and Clinical Microbiology Education, 2(1): 3-12. DOI: https://www.doi.org/10.1016/j.mmifmc.2023.01.003  

Darboe S, Bradbury RS, Phelan J, Kanteh A, Muhammad AK, Worwui A, Yang S, Nwakanma D, Perez-Sepúlveda B, and Kariuki S (2022). Genomic 

diversity and antimicrobial resistance among non-typhoidal Salmonella associated with human disease in the Gambia. Microbial Genomics, 8(3): 

000785. DOI: https://www.doi.org/10.1099/mgen.0.000785 

Diab MS, Thabet AS, Elsalam MA, Ewida RM, and Sotohy SA (2023). Detection of virulence and β-lactamase resistance genes of non-typhoidal 

Salmonella isolates from human and animal origin in Egypt one health concern. Gut Pathogens, 15(1): 16. DOI: 
https://www.doi.org/10.1186/s13099-023-00542-3 

Djeffal S, Bakour S, Mamache B, Elgroud R, Agabou A, Chabou S, Hireche S, Bouaziz O, Rahal K, and Rolain JM (2017). Prevalence and clonal 

relationship of ESBL-producing Salmonella strains from humans and poultry in northeastern Algeria. BMC Veterinary Research, 13(1): 132. 

DOI: https://www.doi.org/10.1186/s12917-017-1050-3 

Ed-Dra A, Karraouan B, El Allaoui A, Khayatti M, El Ossmani H, Filali FR, ElMdaghri N, and Bouchrif B (2018). Antimicrobial resistance and 
genetic diversity of Salmonella infantis isolated from foods and human samples in Morocco. Journal of Global Antimicrobial Resistance, 14: 

297-301. DOI: https://www.doi.org/10.1016/j.jgar.2018.05.019 

Esserghini H, Allali M, Ansong DO, Errafii K, Benmoussa I, Darkaoui S, and Bakkali F (2025). Phylogenetic analysis of Salmonella enterica 16S 

rRNA sequences in Africa: Insights into genetic diversity and evolution. Proceedings of the International Conference on the Global Summit of 
Digital Health. Springer Nature Switzerland., Cham, pp. 284-296. DOI: https://www.doi.org/10.1007/978-3-032-01970-7_28 

Esserghini H, Ansong DO, Errafii K, Benmoussa I, Ziyate N, Darkaoui S, and Bakkali F (2024). Bioinformatics assessment of antimicrobial resistance 

gene variations in Salmonella enterica isolates from food and human sources: The case of four African countries. Proceedings of the International 

Conference on Advanced Intelligent Systems for Sustainable Development, pp. 882-891. DOI: https://www.doi.org/10.1007/978-3-031-91334-
1_80 

Eguale T, Birungi J, Asrat D, Njahira MN, Njuguna J, Gebreyes WA, Gunn JS, Djikeng A, and Engidawork E (2017). Genetic markers associated with 

resistance to beta-lactam and quinolone antimicrobials in non-typhoidal Salmonella isolates from humans and animals in Central Ethiopia. 

Antimicrobial Resistance & Infection Control, 6(1): 13. DOI: https://www.doi.org/10.1186/s13756-017-0171-6 

https://www.doi.org/10.9734/BMRJ/2015/9711
https://www.doi.org/10.3390/ani11123554
https://www.doi.org/10.3390/antibiotics10070881
https://www.doi.org/10.1002/fsn3.119
https://www.doi.org/10.1556/030.66.2019.034
https://www.doi.org/10.1186/s12866-023-02901-1
https://www.doi.org/10.1089/fpd.2012.1466
https://www.doi.org/10.1046/j.1365-2958.1996.359886.x
https://www.doi.org/10.1186/s13568-023-01615-x
https://www.doi.org/10.3389/fmicb.2023.1283835
https://www.doi.org/10.1016/j.fm.2012.04.017
https://www.doi.org/10.1371/journal.pntd.0007917
https://www.doi.org/10.1128/AEM.70.1.1-7.2004
https://www.doi.org/10.1016/j.mmifmc.2023.01.003
https://www.doi.org/10.1099/mgen.0.000785
https://www.doi.org/10.1186/s13099-023-00542-3
https://www.doi.org/10.1186/s12917-017-1050-3
https://www.doi.org/10.1016/j.jgar.2018.05.019
https://www.doi.org/10.1007/978-3-032-01970-7_28
https://www.doi.org/10.1007/978-3-031-91334-1_80
https://www.doi.org/10.1007/978-3-031-91334-1_80
https://www.doi.org/10.1186/s13756-017-0171-6


World Vet. J., 16(1): 287-301, 2026 

 

299 

El-Aziz A, Norhan K, Tartor YH, Gharieb R, Erfan AM, Khalifa E, Said MA, Ammar AM, and Samir M (2021). Extensive drug-resistant Salmonella 
enterica isolated from poultry and humans: Prevalence and molecular determinants behind the co-resistance to ciprofloxacin and tigecycline. 

Frontiers in Microbiology, 12: 738784. DOI: https://www.doi.org/10.3389/fmicb.2021.738784 

El-Sharkawy H, Tahoun A, El-Gohary AEGA, El-Abasy M, El-Khayat F, Gillespie T, Kitade Y, Hafez HM, Neubauer H, and El-Adawy H (2017). 

Epidemiological, molecular characterization and antibiotic resistance of Salmonella enterica serovars isolated from chicken farms in Egypt. Gut 
Pathogens, 9(1): 8. DOI: https://www.doi.org/10.1186/s13099-017-0157-1 

El Hanafi M, Nourredine B, Saadia N, and Hakim K (2023). Occurrence of antibiotic resistance in Salmonella serotypes isolated from environment, 

humans, animals, and animal products in Morocco: A systematic review. World's Veterinary Journal, 13(1): 32-44. DOI: 

https://www.doi.org/10.54203/scil.2023.wvj4 

Elhadi N (2014). Prevalence and antimicrobial resistance of Salmonella spp. In raw retail frozen imported freshwater fish to Eastern Province of Saudi 
Arabia. Asian Pacific Journal of Tropical Biomedicine, 4(3): 234-238. DOI: https://www.doi.org/10.1016/S2221-1691(14)60237-9 

Elhariri M, Elhelw R, Selim S, Ibrahim M, Hamza D, and Hamza E (2020). Virulence and antibiotic resistance patterns of extended-spectrum beta-

lactamase-producing Salmonella enterica serovar Heidelberg isolated from broiler chickens and poultry workers: A potential hazard. Foodborne 

Pathogens and Disease, 17(6): 373-381. DOI: https://www.doi.org/10.1089/fpd.2019.2719 

Eshrati B, Karimzadeh-Soureshjani E, Nasehi M, Janani L, Baradaran HR, Bitaraf S, Simab PA, Mobarak S, Kalkhajeh SG, and Kogani M (2025). 
Evaluation of emerging antimicrobial resistance in nosocomial infections caused by Escherichia coli: comparison of observed cases and 

compartmental model results. Interdisciplinary Perspectives on Infectious Diseases, 2025: 3134775. DOI: 

https://www.doi.org/10.1155/ipid/3134775 

Ezzat M, Hassanin AAI, Mahmoud AE, Ismail SM, and El-Tarabili RM (2023). Risk factors, antibiotic profile, and molecular detection of virulence 
and antibiotic resistance genes of enteric bacteria in diarrheic calves in Egypt. International Journal of Veterinary Science, 12(2): 161-16. DOI: 

https://www.doi.org/10.47278/journal.ijvs/2022.186 

Fahmy S, Shany SAS, Dahshan AHM, Nasef SA, and El Sawah A (2023). Prevalence of antimicrobials and virulence-related genes in Salmonella 

detected in local hatcheries in northern Upper Egypt. Journal of Veterinary Medical, Research, 30(2): 71-77. 
DOI: https://www.doi.org/10.21608/jvmr.2023.221307.1087  

Fakorede CO, Amisu KO, Saki M, and Akinyemi KO (2023). Co-existence of extended-spectrum β-lactamases bla ctx-m-9 and bla ctx-m-15 genes in 

Salmonella species isolated from febrile and diarrhoeagenic patients in Lagos, Nigeria: A cross-sectional study. European Journal of Medical 
Research, 28(1): 3. DOI: https://www.doi.org/10.1186/s40001-022-00960-0 

Francisco M, Costa SS, Belas A, Ramos J, Couto I, Pomba C, and Viveiros M (2018). First report on antimicrobial resistance and molecular 

characterisation of Salmonella enterica serotype typhi isolated from human specimens in Luanda, Angola. Journal of Global Antimicrobial 

Resistance, 13: 246-249. DOI: https://www.doi.org/10.1016/j.jgar.2018.02.001 

Galhano BSP, Ferrari RG, Panzenhagen P, de Jesus ACS, and Conte-Junior CA (2021). Antimicrobial resistance gene detection methods for bacteria in 

animal-based foods: A brief review of highlights and advantages. Microorganisms, 9(5): 923. DOI: 

https://www.doi.org/10.3390/microorganisms9050923 

Gargano V, Sciortino S, Gambino D, Costa A, Agozzino V, Reale S, Alduina R, and Vicari D (2021). Antibiotic susceptibility profile and tetracycline 

resistance genes detection in Salmonella spp. Strains isolated from animals and food. Antibiotics, 10(7): 809. DOI: 
https://www.doi.org/10.3390/antibiotics10070809 

Giuriatti J, Stefani LM, Brisola MC, Crecencio RB, Bitner DS, and Faria GA (2017). Salmonella Heidelberg: Genetic profile of its antimicrobial 

resistance related to extended spectrum β-lactamases (ESBLs). Microbial pathogenesis, 109: 195-199. DOI: 

https://www.doi.org/10.1016/j.micpath.2017.05.040 

Harrois D, Breurec S, Seck A, Delauné A, Le Hello S, de La Gandara MP, Sontag L, Perrier-Gros-Claude JD, Sire JM, and Garin B (2014). Prevalence 
and characterization of extended-spectrum β-lactamase-producing clinical Salmonella enterica isolates in Dakar, Senegal, from 1999 to 2009. 

Clinical Microbiology and Infection, 20(2): O109-O116. DOI: https://www.doi.org/10.1111/1469-0691.12339 

Hassena AB, Belmabrouk S, Amor MGB, Zormati S, Guermazi-Toumi S, Siala-Trigui M, and Gdoura R (2022). Study of virulence genes, 

antimicrobial resistance, and genetic relatedness of foodborne Salmonella isolates from Tunisia. Journal of Food Protection, 85(12): 1779-1789. 
DOI: https://www.doi.org/10.4315/JFP-22-167 

Hassena AB, Haendiges J, Zormati S, Guermazi S, Gdoura R, Gonzalez-Escalona N, and Siala M (2021). Virulence and resistance genes profiles and 

clonal relationships of non-typhoidal food-borne Salmonella strains isolated in Tunisia by whole genome sequencing. International Journal of 

Food Microbiology, 337: 108941. DOI: https://www.doi.org/10.1016/j.ijfoodmicro.2020.108941 

Ibrahim T, Ngwai Y, Ishaleku D, Tsaku P, Nkene I, and Abimiku R (2022). Detection of extended spectrum beta-lactamase (ESBL)–production in 
Salmonella typhimurium isolated from poultry birds in Nasarawa State, Nigeria. Scientific African, 16: e01243. DOI: 

https://www.doi.org/10.1016/j.sciaf.2022.e01243 

Igbinosa EO, Beshiru A, Igbinosa IH, and Okoh AI (2022). Antimicrobial resistance and genetic characterisation of Salmonella enterica from retail 

poultry meats in Benin City, Nigeria. LWT, 169: 114049. DOI: https://www.doi.org/10.1016/j.lwt.2022.114049 

Igbinosa IH (2015). Prevalence and detection of antibiotic-resistant determinant in Salmonella isolated from food-producing animals. Tropical Animal 
Health and Production, 47: 37-43. DOI: https://www.doi.org/10.1007/s11250-014-0680-8 

Ikhimiukor OO, Oaikhena AO, Afolayan AO, Fadeyi A, Kehinde A, Ogunleye VO, Aboderin AO, Oduyebo OO, Elikwu CJ, and Odih EE (2022). 

Genomic characterization of invasive typhoidal and non-typhoidal Salmonella in southwestern Nigeria. PLOS Neglected Tropical Diseases, 

16(8): e0010716. DOI: https://www.doi.org/10.1371/journal.pntd.0010716 

Iwu CJ, Iweriebor BC, Obi LC, Basson AK, and Okoh AI (2016). Multidrug-resistant Salmonella isolates from swine in the Eastern Cape Province, 
South Africa. Journal of Food Protection, 79(7): 1234-1239. DOI: https://www.doi.org/10.4315/0362-028X.JFP-15-224 

Jaja IF, Bhembe NL, Green E, Oguttu J, and Muchenje V (2019). Molecular characterisation of antibiotic-resistant Salmonella enterica isolates 

recovered from meat in South Africa. Acta Tropica, 190: 129-136. DOI: https://www.doi.org/10.1016/j.actatropica.2018.11.003 

Jibril AH, Okeke IN, Dalsgaard A, Menéndez VG, and Olsen JE (2021). Genomic analysis of antimicrobial resistance and resistance plasmids in 

Salmonella serovars from poultry in Nigeria. Antibiotics, 10(2): 99. DOI: https://www.doi.org/10.3390/antibiotics10020099 

Jibril AH, Okeke IN, Dalsgaard A, and Olsen JE (2023). Prevalence and whole genome phylogenetic analysis reveal genetic relatedness between 
antibiotic resistance Salmonella in hatchlings and older chickens from farms in Nigeria. Poultry Science, 102(3): 102427. DOI: 

https://www.doi.org/10.1016/j.psj.2022.102427  

https://www.doi.org/10.3389/fmicb.2021.738784
https://www.doi.org/10.1186/s13099-017-0157-1
https://www.doi.org/10.54203/scil.2023.wvj4
https://www.doi.org/10.54203/scil.2023.wvj4
https://www.doi.org/10.1016/S2221-1691(14)60237-9
https://www.doi.org/10.1089/fpd.2019.2719
https://www.doi.org/10.1155/ipid/3134775
https://www.doi.org/10.47278/journal.ijvs/2022.186
https://doi.org/10.21608/jvmr.2023.221307.1087
https://www.doi.org/10.1186/s40001-022-00960-0
https://www.doi.org/10.1016/j.jgar.2018.02.001
https://www.doi.org/10.3390/microorganisms9050923
https://www.doi.org/10.3390/antibiotics10070809
https://www.doi.org/10.1016/j.micpath.2017.05.040
https://www.doi.org/10.1111/1469-0691.12339
https://www.doi.org/10.4315/JFP-22-167
https://www.doi.org/10.1016/j.ijfoodmicro.2020.108941
https://www.doi.org/10.1016/j.sciaf.2022.e01243
https://www.doi.org/10.1016/j.lwt.2022.114049
https://www.doi.org/10.1007/s11250-014-0680-8
https://www.doi.org/10.1371/journal.pntd.0010716
https://www.doi.org/10.4315/0362-028X.JFP-15-224
https://www.doi.org/10.1016/j.actatropica.2018.11.003
https://www.doi.org/10.3390/antibiotics10020099
https://www.doi.org/10.1016/j.psj.2022.102427


Esserghini et al., 2026 

 

300 

Kagambèga A, McMillan EA, Bouda SC, Hiott LM, Ramadan H, Soro DK, Sharma P, Gupta SK, Barro N, and Jackson CR (2022). Resistance genes, 

plasmids, multilocus sequence typing (MLST), and phenotypic resistance of non-typhoidal Salmonella (NTs) isolated from slaughtered chickens 

in Burkina Faso. Antibiotics, 11(6): 782. DOI: https://www.doi.org/10.3390/antibiotics11060782 

Kamilu I and Mukhtar G (2022). Antibiotics resistance profile and Bla-Tem genes in Salmonella serotypes associated with typhoidal salmonellosis in 

selected hospitals in Katsina State, Nigeria. Bayero Journal of Pure and Applied Sciences, 13(1): 216-222. DOI: 
http://www.doi.org/10.4314/bajopas.v13i1.35S 

Karczmarczyk M, Martins M, McCusker M, Mattar S, Amaral L, Leonard N, Aarestrup FM, and Fanning S (2010). Characterization of antimicrobial 

resistance in Salmonella enterica food and animal isolates from Colombia: Identification of a qnrb19-mediated quinolone resistance marker in 

two novel serovars. FEMS Microbiology Letters, 313(1): 10-19. DOI: https://www.doi.org/10.1111/j.1574-6968.2010.02119.x 

Mabika Mabika R, Mounioko F, Souza A, and Yala JF (2021). Phenotypic and molecular characterization of quinolone resistance of enteropathogens 
isolated from diarrhea in young children in Koula-Moutou/Gabon. Egyptian Journal of Basic and Applied Sciences, 8(1): 345-353. DOI: 

https://www.doi.org/10.1080/2314808X.2021.2001244 

Maka L and Popowska M (2016). Antimicrobial resistance of Salmonella spp. Isolated from food. Roczniki Państwowego Zakładu Higieny, 67(4): 

343-358. Available at: https://www.pubmed.ncbi.nlm.nih.gov/27922740/  

Mashe T, Thilliez G, Chaibva BV, Leekitcharoenphon P, Bawn M, Nyanzunda M, Robertson V, Tarupiwa A, Al-Khanaq H, Baker D et al. (2023). 
Highly drug resistant clone of Salmonella kentucky st198 in clinical infections and poultry in Zimbabwe. npj Antimicrobials and Resistance, 1(1): 

6. DOI: https://www.doi.org/10.1038/s44259-023-00003-6 

McEwen SA and Collignon PJ (2018). Antimicrobial resistance: A One Health perspective. Microbiology Spectrum, 6(2): 521-547. DOI: 

https://www.doi.org/10.1128/microbiolspec.ARBA-0009-2017 

Mthembu TP, Zishiri OT, and El Zowalaty ME (2019). Molecular detection of multidrug-resistant Salmonella isolated from livestock production 
systems in South Africa. Infection and Drug Resistance, 12: 3537-3548. DOI: https://www.doi.org/10.2147/IDR.S211618 

Munuo LA, Katakweba AA, Lyimo BM, and Muhairwa AP (2022). Prevalence, characterization and antimicrobial resistance profiles of Salmonella 

isolates from healthy broiler and free-range chickens in Morogoro, Tanzania. Tanzania Journal of Health Research, 23(1): 1-14. DOI: 

https://www.doi.org/10.4314/thrb.v23i1.6 

Murgia M, Bouchrif B, Timinouni M, Al-Qahtani A, Al-Ahdal MN, Cappuccinelli P, Rubino S, and Paglietti B (2015). Antibiotic resistance 

determinants and genetic analysis of Salmonella enterica isolated from food in Morocco. International Journal of Food Microbiology, 215: 31-39. 

DOI: https://www.doi.org/10.1016/j.ijfoodmicro.2015.08.003 

Myataza A, Thomas J, and Smith A (2023). Characterization of Salmonella enterica serovar isangi from South Africa, 2020-2021. BMC Infectious 
Diseases, 23(1): 791. DOI: https://www.doi.org/10.1186/s12879-023-08786-9 

Nwosu UO, Ibiam FA, Amadi-Ibiam CO, Iroha CS, Edemekong CI, Peter IU, and Iroha IR (2023). Fecal carriage of extended spectrum beta-lactamase 

and fluoroquinolone resistant gene in non-typhoidal Salmonella enterica isolates from food-producing animals and humans. Journal of Drug 

Delivery and Therapeutics, 13(9): 128-134. DOI: http://www.doi.org/10.22270/jddt.v13i9.5964    

Omar A, Saad, Said A, Amira, Moawad A, Hoztel H, and Sobhy M (2023). Molecular studies and antibiotic resistance among Salmonella isolates from 
slaughtered cows. IOSR Journal of Agriculture and Veterinary Science, 16(10): 1-7. DOI: http://www.doi.org/10.9790/2380-1610010107    

Onohuean H and Igere BE (2022). Occurrence, antibiotic susceptibility and genes encoding antibacterial resistance of Salmonella spp. and Escherichia 

coli from milk and meat sold in markets of Bushenyi district, Uganda. Microbiology Insights, 15: 11786361221088992. DOI: 

https://www.doi.org/10.1177/11786361221088992 

Ouedraogo A, Jean Pierre H, Banuls AL, Ouédraogo R, and Godreuil S (2017). Emergence and spread of antibiotic resistance in West Africa: 
Contributing factors and assessment of the threat. Tropical Medicine and Health, 27(2): 147-154. DOI: 

https://www.doi.org/10.1684/mst.2017.0678 

Oueslati W, Rjeibi MR, Benyedem H, Mamlouk A, Souissi F, Selmi R, and Ettriqui A (2021). Prevalence, risk factors, antimicrobial resistance and 

molecular characterization of Salmonella in northeast Tunisia broiler flocks. Veterinary Sciences, 9(1): 12. DOI: 
https://www.doi.org/10.3390/vetsci9010012 

Oueslati W, Rjeibi MR, Benyedem H, Mamlouk A, Souissi F, Selmi R, and Ettriqui A (2022). Salmonella broiler meat’s contamination in Tunisia: 

Prevalence, serotypes, antimicrobial resistance and molecular characterization of isolated strains. Current Microbiology, 79(7): 208. DOI: 

https://www.doi.org/10.1007/s00284-022-02900-x 

Ramatla T, Taioe MO, Thekisoe OM, and Syakalima M (2019). Confirmation of antimicrobial resistance by using resistance genes of isolated 
Salmonella spp. In chicken houses of North West, South Africa. World's Veterinary Journal, 9(3): 158-165. DOI: 

https://www.doi.org/10.36380/scil.2019.wvj20 

Raynaud M, Goutaudier V, Louis K, Al-Awadhi S, Dubourg Q, Truchot A, Brousse R, Saleh N, Giarraputo A, and Debiais C et al. (2021). Impact of 

the COVID-19 pandemic on publication dynamics and non-COVID-19 research production. BMC Medical Research Methodology, 21(1): 255. 
DOI: https://www.doi.org/10.1186/s12874-021-01404-9 

Rodríguez I, Barownick W, Helmuth R, Mendoza MC, Rodicio MR, Schroeter A, and Guerra B (2009). Extended-spectrum β-lactamases and ampc β-

lactamases in ceftiofur-resistant Salmonella enterica isolates from food and livestock obtained in Germany during 2003-2007. Journal of 

Antimicrobial Chemotherapy, 64(2): 301-309. DOI: https://www.doi.org/10.1093/jac/dkp195 

Rushdy AA, Mabrouk MI, Abu-Sef FAH, Kheiralla ZH, Abdel-All SM, and Saleh NM (2013). Contribution of different mechanisms to the resistance 
to fluoroquinolones in clinical isolates of Salmonella enterica. The Brazilian Journal of Infectious Diseases, 17(4): 431-437. DOI: 

https://www.doi.org/10.1016/j.bjid.2012.11.012 

Samia D, Bakir M, Rachid E, Chaffia B, Omar B, Rolain JM, and Diene SM (2021). Prevalence and genotypic characterization of Salmonella spp. 

From chicken meats marketed in the province of Skikda, Algeria. The Journal of Infection in Developing Countries, 15(4): 523-529. DOI: 
https://www.doi.org/10.3855/jidc.13986 

Seiffert SN, Perreten V, Johannes S, Droz S, Bodmer T, and Endimiani A (2014). Oxa-48 carbapenemase-producing Salmonella enterica serovar 

kentucky isolate of sequence type 198 in a patient transferred from Libya to switzerland. Antimicrobial Agents and Chemotherapy, 58(4): 2446-

2449. DOI: https://www.doi.org/10.1128/AAC.02417-13 

Shalaby A, Ismail MM, and El-Sharkawy H (2022). Isolation, identification, and genetic characterization of antibiotic resistance of Salmonella species 
isolated from chicken farms. Journal of Tropical Medicine, 2022(1): 6065831. DOI: https://www.doi.org/10.1155/2022/6065831 

Shousha MF, Ragab AM, and Helmy SM (2023). Genetic analysis of antimicrobial resistance genes in Salmonella isolated from diseased broilers in 

Egypt. Pakistan Journal of Zoology, 56(6): 2501-3000. DOI: https://www.doi.org/10.17582/journal.pjz/20220802110804 

https://www.doi.org/10.3390/antibiotics11060782
http://www.doi.org/10.4314/bajopas.v13i1.35S
https://www.doi.org/10.1111/j.1574-6968.2010.02119.x
https://www.doi.org/10.1080/2314808X.2021.2001244
https://www.doi.org/10.1038/s44259-023-00003-6
https://www.doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://www.doi.org/10.2147/IDR.S211618
https://www.doi.org/10.4314/thrb.v23i1.6
https://www.doi.org/10.4314/thrb.v23i1.6
https://www.doi.org/10.1016/j.ijfoodmicro.2015.08.003
https://www.doi.org/10.1186/s12879-023-08786-9
http://www.doi.org/10.22270/jddt.v13i9.5964
https://www.doi.org/10.1177/11786361221088992
https://www.doi.org/10.1684/mst.2017.0678
https://www.doi.org/10.3390/vetsci9010012
https://www.doi.org/10.1007/s00284-022-02900-x
https://www.doi.org/10.36380/scil.2019.wvj20
https://www.doi.org/10.1093/jac/dkp195
https://www.doi.org/10.1016/j.bjid.2012.11.012
https://www.doi.org/10.3855/jidc.13986
https://www.doi.org/10.1128/AAC.02417-13
https://www.doi.org/10.17582/journal.pjz/20220802110804


World Vet. J., 16(1): 287-301, 2026 

 

301 

Sköld O (2000). Sulfonamide resistance: Mechanisms and trends. Drug Resistance Updates, 3(3): 155-160. DOI: 

https://www.doi.org/10.1054/drup.2000.0146 

Somda NS, Bonkoungou IJO, Sambe-Ba B, Drabo MS, Wane AA, Sawadogo-Lingani H, and Savadogo A (2021). Diversity and antimicrobial drug 

resistance of non-typhoid Salmonella serotypes isolated in lettuce, irrigation water and clinical samples in Burkina Faso. Journal of Agriculture 

and Food Research, 5: 100167. DOI: https://www.doi.org/10.1016/j.jafr.2021.100167 

Soubeiga AP, Kpoda DS, Compaoré MK, Somda-Belemlougri A, Kaseko N, Rouamba SS, Ouedraogo S, Traoré R, Karfo P, Nezien D et al. (2022). 
Molecular characterization and the antimicrobial resistance profile of Salmonella spp. Isolated from ready-to-eat foods in Ouagadougou, Burkina 

Faso. International Journal of Microbiology, 2022: 9640828. DOI: https://www.doi.org/10.1155/2022/9640828 

Tadesse G, Tessema TS, Beyene G, and Aseffa A (2018). Molecular epidemiology of fluoroquinolone resistant Salmonella in Africa: A systematic 

review and meta-analysis. PLoS One, 13(2): e0192575. DOI: https://www.doi.org/10.1371/journal.pone.0192575 

Thai TH, Hirai T, Lan NT, Shimada A, Ngoc PT, and Yamaguchi R (2012). Antimicrobial resistance of Salmonella serovars isolated from beef at retail 
markets in the North Vietnam. Journal of Veterinary Medical Science, 74(9): 1163-1169. DOI: https://www.doi.org/10.1292/jvms.12-0053 

Thilliez G, Mashe T, Chaibva BV, Robertson V, Bawn M, Tarupiwa A, Takawira FT, Kock MM, Midzi S, and Mwamakamba LW (2022). Population 

structure and evolution of Salmonella enterica serotype typhi in Zimbabwe before a typhoid conjugate vaccine immunization campaign. bioRxiv, 

pp. 1-24. DOI: https://www.doi.org/10.1101/2022.09.01.506167 

Uzairue LI, Shittu OB, Ojo OE, Obuotor TM, Olanipekun G, Ajose T, Arogbonlo R, Medugu N, Ebruke B, and Obaro SK (2023). Antimicrobial 

resistance and virulence genes of invasive Salmonella enterica from children with bacteremia in north-central nigeria. SAGE Open Medicine, 11: 

20503121231175322. DOI: https://www.doi.org/10.1177/20503121231175322 

van Hoek AHAM, Scholtens IMJ, Cloeckaert A, and Aarts HJM (2005). Detection of antibiotic resistance genes in different Salmonella serovars by 

oligonucleotide microarray analysis. Journal of Microbiological Methods, 62(1): 13-23. DOI: https://www.doi.org/10.1016/j.mimet.2005.01.004 

VT Nair D, Venkitanarayanan K, and Kollanoor Johny A (2018). Antibiotic-resistant Salmonella in the food supply and the potential role of antibiotic 
alternatives for control. Foods, 7(10): 167. DOI: https://www.doi.org/10.3390/foods7100167 

Wang Y, Xu X, Jia S, Qu M, Pei Y, Qiu S, and Gao GF (2025). A global atlas and drivers of antimicrobial resistance in Salmonella during 1900-2023. 

Nature Communications, 16(1): 4611. DOI: https://www.doi.org/10.1038/s41467-025-59758-3 

Wang Y, Liu Y, Lyu N, Li Z, Ma S, Cao D, and Zhu B (2023). The temporal dynamics of antimicrobial-resistant Salmonella enterica and predominant 
serovars in China. National Science Review, 10(3): nwac269. DOI: https://www.doi.org/10.1093/nsr/nwac269 

Walid O, Rjeibi M, Benyedem H, Jebali M, Souissi F, Selmi R, Asli E, Barguellil F, and Ettriqui A (2023). Serotype occurrence, virulence profiles, 

antimicrobial resistance and molecular characterization of Salmonella isolated from hospitalized patients with gastroenteritis in Great Tunisia 

between 2010 and 2020. Antibiotics, 12: 526. DOI: https://www.doi.org/10.3390/antibiotics12030526 

Wilson CN, Pulford CV, Akoko J, Perez Sepúlveda B, Predeus AV, Bevington J, Duncan P, Hall N, Wigley P, and Feasey N (2020). Salmonella 

identified in pigs in Kenya and Malawi reveals the potential for zoonotic transmission in emerging pork markets. PLoS Neglected Tropical 

Diseases, 14(11): e0008796. DOI: https://www.doi.org/10.1371/journal.pntd.0008796 

World health organization (WHO) (2016). Global action plan on antimicrobial resistance. World Health Organization, Geneva, Switzerland. Available 

at: https://www.who.int/publications/i/item/9789241509763 

Zishiri OT, Mkhize N, and Mukaratirwa S (2016). Prevalence of virulence and antimicrobial resistance genes in Salmonella spp. Isolated from 
commercial chickens and human clinical isolates from South Africa and Brazil. Onderstepoort Journal of Veterinary Research, 83(1): 1-11. DOI: 

https://www.doi.org/10.4102/ojvr.v83i1.1067 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Publisher’s note: Scienceline Publication Ltd. remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. 

 

Open Access: This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 

adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 

are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 

article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit https://creativecommons.org/licenses/by/4.0/. 

© The Author(s) 2026 

https://www.doi.org/10.1054/drup.2000.0146
https://www.doi.org/10.1016/j.jafr.2021.100167
https://www.doi.org/10.1155/2022/9640828
https://www.doi.org/10.1371/journal.pone.0192575
https://www.doi.org/10.1292/jvms.12-0053
https://www.doi.org/10.1101/2022.09.01.506167
https://www.doi.org/10.1177/20503121231175322
https://www.doi.org/10.1016/j.mimet.2005.01.004
https://www.doi.org/10.3390/foods7100167
https://www.doi.org/10.3390/antibiotics12030526
https://www.doi.org/10.1371/journal.pntd.0008796
https://www.who.int/publications/i/item/9789241509763
https://www.doi.org/10.4102/ojvr.v83i1.1067
https://www.science-line.com/
https://creativecommons.org/licenses/by/4.0/

